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The electron-doped single-layer manganite, La, ,Sr,;MnQO;,,,
has been synthesized under reducing conditions. It has the
K,NiF, type structure (space group I4/mmm) with a unit cell of
a=3.82698(2) A and ¢ = 13.06858(7) A. Magnetic susceptibility
study of the as-synthesized sample shows a broad maximum at
110 K, which is attributed to an antiferromagnetic transition.
When the sample is treated at S50°C in air, interstitial oxygen
is incorporated, resulting in an oxidized phase of composition
La, ,Sr,sMnO,,,. The oxidation results in expansion in the ab
plane (a = 3.93477(5) A) and a large contraction along the ¢ axis
(¢=12.5237(2) A). Although ferromagnetic Mn—Mn interac-
tions are indicated at high temperatures for La, ,Sr,sMnO,,,,
they do not lead to any long—range magnetic order at low
temperature. Instead, spin glass behavior is observed with a
freezing temperature of 7, = 19.5K. © 2000 Academic Press

INTRODUCTION

Layered manganese oxides have been the subject of
considerable interest following the reobservation of a large
negative magnetoresistance in  alkaline-earth-doped
La-Mn-O systems (1-3). The coexistence of Mn** (d*) and
Mn** (d3) electronic states in these oxides leads to ferro-
magnetic (FM) ordering involving a double exchange inter-
action through Mn** e}-0,,-Mn** ¢? orbitals, which also
triggers the electronic transition from insulator to metal.
The interaction strength (reflected by the transition temper-
ature T.) is lowered when the system dimensionality is
reduced from the three-dimensional (3D) infinite layer
(La, St)MnO; (T, =~ 350 K) (4) to the two-dimensional (2D)
double-layer compound (La, Sr)Mn,O7 (T, = 120 K) (5).
Further decreasing the dimensionality to that of the single-
layer (La, Sr)MnQy4 causes the loss of the FM transition (6).
It has now been established that in the single-layer
La, —SryMnOQy system, stoichiometric LaSrMnOy (x = 1)
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is antiferromagnetic (7), while charge ordering occurs with
high hole doping levels, e.g., x = 1.5 (8).

The preparation of LaSrMnO. was initially reported in
1965 (9), and more recently many materials with general
composition La, —,SryMnOy4 (x > 1) have been synthesized
under different conditions (10-13). However, to our know-
ledge, electron-doped materials (x < 1) have not been re-
ported. Assuming a tetragonally distorted MnOg
environment in such materials, the itinerant electrons are
within the bands formed by Mn?* (dw.?)!-O,,~-Mn3*
(dx>-y2)°, which should also support FM interaction through
double exchange via the above (dy_y2)'~O3,~(dy>,2)° or-
bitals. However, the interaction in the electron-doped sys-
tem should be different from that in the hole-doped
La-Mn-O perovskite system, owing to the fundamentally
different Coulomb on-site interactions in the two systems. It
is interesting, therefore, to investigate whether such an
Mn?*-O-Mn?" interaction can also give rise to ferromag-
netic order. We have found that electron-
doped (La, Sr);MnQO4-5 compounds can be synthesized
in H/N, gas mixtures, and in this report we present
structural and magnetic results on a typical composition
of Lai.2Sro.sMnO4-;. We also report the formation
and properties of the hole-doped oxygen excess phase
La.2S10.sMnOg +5.

EXPERIMENTAL

The conditions for successful synthesis of Laj ;-
Sro.sMnO4_; were first established in thermogravimetric
(TG) studies of small samples under reducing conditions. In
the final synthesis, a precursor with nominal composition
La; »Sro.sMnO, was initially prepared from La,0Os;,
SrCO3;, and MnQO,. The mixture of starting materials was
heated in air at 1100°C for 24 hours with one intermittent
grinding. The sintered precursor was powdered and then
subjected to heating at 1200°C in a flowing H,/N, gas
mixture (10% H,/90% N;) for 12 hours; the reduction
process was performed twice to achieve a completely
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homogeneous black sample. The oxidized phase
La; »S19.sMnOy4 s was prepared by heating the as-syn-
thesized sample in air at 550°C for 6 hours. Powder X-ray
diffraction (XRD) patterns were recorded with a Siemens
D-5000 diffractometer (monochromated CuKo; radiation
source, position-sensitive detector, transmission mode).
The magnetization of the sample was measured with a
Cryogenics S100 SQUID magnetometer. Zero-field-cooled
(ZFC) measurements were achieved after the sample was
cooled under zero field (H =~ 0.6 G) by switching the field on
and measuring the magnetization on warming. Field-cooled
(FC) measurements were performed by measuring the mag-
netization during the cooling cycle under an applied field.

RESULTS AND DISCUSSION

The XRD patterns indicated that a single-phase product
was formed when the precursor Laj »SrosMnO, was
heated under the H,/N, reducing atmosphere. The pattern
was indexed on a body-centered tetragonal unit cell, consis-
tent with a structure related to K;NiF,. Structure refine-
ment based on the XRD data (GSAS package (14)); space
group I4/mmm) confirmed the K,NiF4 structure type, and
refined unit cell dimensions were a = 3.82698(2)A and
¢ = 13.06858(7) A. A 30-point interpolated background and
a pseudo-Voigt profile function were used in the refinement.
Preferred orientation and anisotropic peak broadening (15)
parameters were also refined. With the La:Sr ratio fixed
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at 0.6:0.4 in accordance with that weighed out, variation
of the site occupation factors (n) showed that the La/Sr,
Mn, and O1 (equatorial, in-plane oxygen) sites are fully
occupied, whereas the possibility of a slight deficiency
[n =0.97(1)] was indicated at the apical O2 site. However,
since correlation effects precluded simultaneous refinement
of the O2 temperature factor and site occupancy, the tem-
perature factor for this site was constrained to what was
considered a realistic value (Uiso X 100 = 0.8 Az). The fitted
XRD profile is shown in Fig. 1, and the refined parameters
are given in Table 1. Given the constraints discussed above,
the deviation of the O2 occupancy from unity may be
insignificant, and the sample composition is certainly close
to Laj »Sro.sMnO4. The precise oxygen content of this
precursor is not, however, of fundamental importance to
the subsequent discussion, which will therefore be based on
the refined O2 occupation and the corresponding chemical
formula La; >Sro.sMnO3.94(2). Irrespective of the oxygen
content, it is clear that the compound is genuinely electron
doped: the Mn oxidation state is + 2.68 for the composition
Lal,zsro_gMnO3_94(2) and +2.80 for La; »Sro sMnOQOy.
Refinement of the oxidized phase suggested a closely
related structure. Since the weight change from TG analysis
during oxidation of the sample corresponds to an uptake of
0.33 mole of oxygen per mole of La; »Sro.sMnQOj3 04 (to give
La; »Sr0.sMnQy4.27), an additional oxygen position (O3)
was introduced into the refinement, at the interstitial sites
between the two La/Sr layers. Due to high correlation
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FIG. 1.
the diffraction peak positions).
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Observed (dots), calculated (line), and difference XRD patterns of La; ,Sry sMnOj; o4 (the vertical bars beneath the observed pattern represent
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TABLE 1
Refined Atomic Parameters of La,,Sr,sMnQO;,,* and Its Oxidized Phase La,,SrosMnQO,,,*

La, ,Sro.sMnO3.04

La; ,S10.sMnOy »4

Atoms X y z U x 100/A2 n X y z U x 100/A? n
La/Sr 0.5 0.5 0.14270(4) 0.56(2) 0.6/0.4 0.5 0.5 0.14491(7) 1.93(4) 0.6/0.4
Mn 0 0 0 0.65(5) 1 0 0 0 0.99(8) 1

ot 0.5 0 0 0.8(1) 1 0.5 0 0 230) 1

02 0 0 0.1738(3) 0.8¢ 0.969(5) 0 0 0.1555(8) 6.6(2) 1

03 — — — — 0 0.0 0.5 0.25 1.8(17) 0.135¢

Note. U, = By,/87> The numbers in parentheses are estimated standard deviations from the least-squares refinement.
“Space group I4/mmm, a = 3.82698(2) A, ¢ = 13.06858(7) A, R,,, = 2.26%, R, = 1.46%, x* = 4.28.
bSpace group I4/mmm, a = 3.93477(5) A, ¢ = 12.5237(2) A, R,,, = 2.40%, R, = 1.89%, z> = 1.18.

“fixed.

effects between atomic coordinates, temperature factors,
and occupation factors, O2 was assumed fully occupied and
the O3 occupancy was constrained to 13.5%, in accordance
with TG analysis. Satisfactory agreement indices (Ry, =
2.40% and y* = 1.18, Fig. 2) were achieved by refining the
anisotropic broadening of the diffraction peaks as in the
reduced phase. It should be noted that no evidence for
occupancy of this interstitial site was found for the reduced
phase.

The refined atomic parameters are listed in Table 1 and
selected bond distances in Table 2. The refinement is consis-
tent with TG analysis and suggests that oxidation at 550°C

forms a sample with chemical formula La; »Sro.sMnQOy 27.
The temperature factor for O2 is rather high
[Uiso x 100 = 6.6 A (Bis, = 5.2A%)], but is consistent with
the partial occupation of the O3 site (13.5% occupied),
which will distort the neighboring O2 sites. The high La/Sr
temperature factor can also be attributed to local disorder
caused by partial occupancy of O3, since this site is the
closest coordinated anion to the La/Sr site (Table 2). Oxida-
tion of La; »,Sro.sMnOs3 94 to La; 2Sro.sMnOy. »7 results in
an increase in unit cell volume from 191.40(1) to 193.90(1) A3
which relates to an expansion of a (from 3.8270A to
3.9348 A, +2.8%) and contraction of ¢ (from 13.0686 A to
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FIG. 2.

Observed (dots), calculated (line), and difference XRD patterns of La; ,Srg sMnOy 5.
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TABLE 2
Bond Lengths (A) in La, ,Sr,;MnO,,, and La, ,Sr,;MnO, ,,

Bonds La, ,SrsMnO; 04 La, ,Sro.sMnOy 57
La/Sr-O1x4 2.6719(3) 2.6766(6)
La/Sr-O2x4 2.7366(5) 2.7856(4)
La/Sr-0O2x1 2.397(4) 2.497(9)
La/Sr-O3x4 — 2.3670(5)
Mn-O1x4 1.9135(1) 1.9674(1)
Mn-02x2 2.272(4) 1.950(9)

12.5238 A, —4.2%). This observation can explain the dis-
crepancy between two reports on the unit cell parameters
of a related compound, LaSrMnQOy. The values reported by
Blasse (a = 3.88 A, ¢ = 12.5A) (9) are suggestive of an oxi-
dized phase, while those obtained by Benabad et al. (10)
(a=3.804A, ¢c = 13.10A) are consistent with an oxygen-
deficient material. It is clear that the in-plane Mn-O1 bond
length is increased after oxidation, but the apical Mn-0O2
bond length is dramatically reduced, from 2.27 A to a value
(1.95A) which is even shorter than the Mn-O1 in-plane
bond (1.97 A). This slight compression in the apical Mn-0O2
bond will clearly affect the d-orbital energies of the Mn
cations in the MnO, plane. It is well known that Mn3* (d%)
is subject to Jahn-Teller distortions, whereas both Mn?"*
(d®, high spin) and Mn** (d) are not. However, the substan-
tial reduction in ¢ after oxidation cannot simply reflect the
decrease in concentration of the Mn®* ion in the com-

pound, since the reduced phase contains a level of Mn3*
concentration (68% Mn**; 32% Mn?") similar to that of
the oxidized phase (66% Mn>"; 34% Mn*"). Moreover, the
Jahn-Teller distortion normally leads to elongated apical
bonds in the K,NiF, type structure (16), whereas in the
oxidized phase the reverse is suggested. The structure
changes could be consistent with disproportionation of
Mn** to Mn?* and Mn*" in the oxidized phase, since both
Mn?* and Mn** ions prefer undistorted octahedral sites.
However, no clear stabilization is apparent for such
a charge segregation, and in the many studies reported on
maganese oxides with Mn oxidation state between 3 and 4,
we are unaware of any strong evidence for the dispropor-
tionation of Mn®*. Although we cannot rule out such an
electronic description, we prefer to retain the normal model
involving Mn** and Mn**, and the following discussion of
the results obtained is based on this assumption. The con-
traction in ¢ associated with oxidation is probably caused
by the need to accommodate the interstitial oxygen ions. As
a result, in the oxidized phase the d,-_,> orbital of Mn** is
stabilized relative to the dz? orbital, in contrast to the case
for normal Jahn-Teller distortions. This interesting obser-
vation means that for both the reduced and oxidized phases
in the La; ,Sry §MnO, , s system, the charge carriers should
be located within the d,. -—O2p, ,~d,. . orbitals in the
MnO, plane.

The magnetic susceptibility of the reduced phase is shown
in Fig. 3. A broad maximum is observed at 110 K, which is
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FIG. 3. Magnetic susceptibility of La; ,Sry sMnO; oq4.
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FIG.4. Magnetic susceptibility (zero field cooled) of La; ,Sry §MnOy. ;4.

an indication of antiferromagnetic (AFM) ordering in this
2D system. From the electronic states of the Mn?*/Mn*"*
ions in the compound, as mentioned above, it can be pre-

dicted (17) that ferromagnetic (FM) interactions should
occur via Mn?* (d,»_,2)'-O2p-Mn>" (d,-_,-)° superexchange
and double-exchange interactions. The discrepancy between
this prediction and our observation of AFM order may be
rationalized by the following situations. First, in the Mn-O
plane charge ordering of Mn?*/Mn** into clusters or
stripes may occur as observed in related hole-doped
La,CuO, and La,NiO, compounds (18, 19). In such a
case, clustering to produce a predominance of nearest-
neighbor interactions of the type Mn?*-O-Mn?* and
Mn?®"-O-Mn?" will occur, both of which give AFM inter-
actions. Alternatively, there could indeed be FM interaction
between the Mn?*/Mn?* ions within the MnO, layer, but
AFM order may occur between the layers at Ty = 110 K.
The first mechanism is supported by the observation of
the broadening of the XRD diffraction peaks with in-plane
indices, e.g., (hk0) reflections are broader than (00!) reflec-
tions. Incorporation of this anisotropic broadening into the
Rietveld refinement was essential to achieve a satisfactory
fit and the broadening is consistent with local order within
the MnO, plane, which has also been observed in
Lag sSr; sMnQOy, (13).

Ferromagnetic interactions are observed in the high-
temperature range for the oxidized phase La; ,Sryg
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FIG. 5. Magnetic susceptibilities (ZFC and FC) of La; ,Sr, sMnO, ,, at low temperature under different fields.
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FIG. 6. Hysteresis loop of La; ,SrysMnO, ,, at 8 K. The numbers
and arrows indicate the sequence of the field sweeps. The right bottom
corner inset shows the field dependence of magnetization at 20 K and 30 K
without any hysteresis. The left top inset shows the time dependence of the
remnant magnetization (cooled in H = 4 Tesla field from 50 K).

MnO, ,, (Fig. 4). Above 250 K, application of the Curie—
Weiss law (y = C/(T-60)) provides a positive 6 value
(6 = 133 K), indicative of FM interactions, and an effective
moment on the Mn ion of p¢ = 4.88 g, which is very close
to the theoretical spin-only value of Mn** (4.9 ug). When
the temperature is lowered, however, the effective moment
increases whereas 6 decreases. In the low-temperature range
(20-100 K), the Curie-Weiss law yields . = 8.46 ug and
0 =2.5K. The enhanced magnetic moment suggests the
presence of FM clusters of about four Mn ions. Although
spins within the clusters are aligned parallel, the resultant
moments on individual clusters are randomly distributed. In
addition, a cusp is seen at low temperature in the zero-field-
cooled (ZFC) magnetic susceptibility. Below the temper-
ature of the cusp, Ty, deviation between ZFC and field-
cooled (FC) susceptibility was observed. The position and
sharpness of the cusp are field dependent (Fig. 5), e.g.,
T; =19.5K for H=10G and T; = 16 K for H = 1000 G;
the FC susceptibility is flattened in sufficiently large fields
(> 250 G). All aspects of the above behavior are character-
istic of spin glass (SG) behavior (20): for example, growth of
the Mn effective moment was observed in an Ag—-Mn alloy
(21) and the flattening of the FC susceptibility is consistent
with that observed in (Fe, Mn)TiO3 (22). It is also normal
that 1/y versus T plots display a decrease in gradient on
cooling (such as that shown in Fig. 4) for spin glasses with
FM interactions, whereas AFM spin glasses show an in-

creased gradient (23). A very narrow hysteresis loop (ZFC,
Fig. 6) was observed below the freezing temperature, T,
with small coercive field H, < 50 G and a small remnant
magnetization (M,). The remnant magnetization (FC) of
La; ,SrqsMnQy, ,- decreases with time with a roughly In ¢
dependence (Fig. 6, top left inset), which is again in accord-
ance with SG behavior (23).

To show such SG behavior, the system requires the pres-
ence of inherent AFM interactions to compete with the FM
exchange, which is dominant within the FM clusters. Such
an interaction could originate from the local ordering of the
Mn** and Mn*"* ions. Recalling that in La; ,Sry, sMnOy, ,-
the MnOyg octahedra are compressed, which stabilizes the
d,-_,» orbital, we see that in the MnO, plane the same FM
(d.2_y2)'-O2p—(d,-_,»)° interaction occurs as in the reduced
phase, which is consistent with the positive Curie-Weiss
constant (0) observed. However, when the charge carriers
(holes) are localized in a fashion to provide nearest-neighbor
Mn**-O-Mn®* and Mn**-O-Mn** arrangements,
superexchange will give the necessary AFM interactions.
For example, FM clusters comprising mixed Mn®*~Mn**
could be linked via AFM Mn**-Mn** or Mn**-Mn*"*
pairs. We therefore believe it is the competition between
double-exchange (Mn**-O-Mn**) and superexchange
(Mn?**-O-Mn*", Mn*"-O-Mn*") interactions which re-
sults in the observed SG behavior of La; ,Sry sMnO, ,-. It
is worth noting that SG behavior was also reported for the
hole-doped La; _,Sry; MnO, system with 0.2 < x < 0.6,
although detailed discussion was not given (12). The valence
state of Mn in La,; ,SrosMnQO, ,; corresponds to that
for x =0.34 in La; _,Sr; . MnO,, which obviously lies in
the SG region. As for the structure data, it is possible to
rationalize the magnetic data by assuming the presence of
Mn?* and Mn** ions, rather than Mn3* and Mn** ions.
However, for the reasons indicated above, we have elected
to base our interpretation of the results, and discussion, on
the latter electronic description.

CONCLUSIONS

The electron-doped single-layer manganite Lay ,-
Srg.sMnQO; o4 has been synthesized in an H,/N, gas flow. It
can be oxidized to La; ,Sry sMnQO, ,, by heating in air at
550°C, the incorporated oxygen occupying the interstitial
sites in the K,NiF, type lattice. It is found that the in-plane
Mn-0O1 bond is elongated while the apical Mn—-O2 bond is
very much contracted during oxidation. The reduced phase
shows a 2D AFM transition with a broad maximum at
110 K, whereas the oxidized phase shows FM interactions
at high temperature but enters an SG state below
T; =19.5K.
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